Data from the Sentinel-1 satellite have already proven useful for investigating seismic and volcanic events since its launch in April 2014. The requirement of ultrahigh coregistration accuracy and the current relatively short time of Sentinel-1 acquisitions make its application challenging for studying slow deformation processes, such as fault creep and land subsidence. Here we analyze a set of 14 SAR images over the San Francisco Bay Area spanning 1 year from early 2015 to 2016. We show that implementing an existing Enhanced Spectral Diversity algorithm or using precise orbits together with a reference digital elevation model both yield the required coregistration accuracy for making use of the phase measurements in time series analysis of ground deformation. Following a thorough validation test, we update our estimates of Hayward Fault creep rate and confirm uplift due to recharge of the Santa Clara Valley aquifer system during the final summer of 4 year drought.
Introduction
The Sentinel-1A and Sentinel-1B satellites, launched on 3 April 2014 and 25 April 2016, respectively, were developed and are operated by the European Space Agency (ESA) for the European Union Copernicus program. Both satellites carry 12 m long advanced synthetic aperture radar (SAR) antennas, working in C band (5.6 cm wavelength). Availability of ~2 years of an open-access archive of SAR data sets has already proven its effectiveness for studying processes such as flood and snow melt monitoring [Morris et al., 2015; Nagler et al., 2016] and timely response to volcanic and seismic events [e.g., Gonzalez et al., 2015; Elliott et al., 2016; Grandin et al., 2016; Melgar et al., 2016; Polcari et al., 2016] . The majority of these processes are characterized by fast ground surface movements of the order centimeters to meters that occur over short time intervals of hours to days. Although, Sentinel-1 data were specifically envisioned for interferometric synthetic aperture radar (InSAR) time series analysis, further research work needs to be done to investigate the capabilities of using the Sentinel-1 SAR constellation for detecting slow and gradual surface movements. To address this issue, two limiting factors need to be considered: (1) Currently, the Sentinel-1 archive spans a relatively short period of time; thus, the signal-to-noise ratio may not be large enough to allow distinguishing slow long-term processes from background noise. (2) High coregistration accuracy of single-look complex images is needed to minimize phase ramps in the azimuth direction.
To address these issues, we modify the Wavelet Based InSAR Algorithm (WabInSAR), an existing InSAR time series algorithm [Shirzaei, 2013; Shirzaei and Bürgmann, 2013; Shirzaei, 2015] . We also implement the Enhanced Spectral Diversity (ESD) algorithm to achieve the required coregistration accuracy [Yague-Martinez et al., 2016] . The approach is applied to a set of 14 Sentinel-1 SAR images over the San Francisco Bay Area, where surface deformation is associated with slow moving processes such as interseismic strain accumulation, shallow fault creep, and aquifer deformation, which often require years to decades of acquisitions to be able to distinguish signal from noise [e.g., Shirzaei and Bürgmann, 2013; Chaussard et al., 2014; Khoshmanesh et al., 2015; Miller and Shirzaei, 2015] .
Methods
The Sentinel-1 radar sensor scans three subswaths in its interferometric wide swath (IW) mode through the Terrain Observation by Progressive Scans (TOPS) imaging technique [YagueMartinez et al., 2016] . The TOPS burst mode acquisition is designed to yield a 7-8% overlap (~1.6 km ground distance) between adjacent bursts in range and azimuth direction. To be able to scan all three subswaths, while maintaining moderately high resolution in the azimuth direction and consistent radar amplitude, the antenna beam must be electronically steered in azimuth direction during each burst, which results in a large rate of change in the Doppler centroid within each burst. Thus, a very high accuracy of coregistration is required to avoid phase ramps in the azimuth direction; otherwise, it would create discontinuities in phase at the transitions between successive bursts [Yague-Martinez et al., 2016] . Given a Δβchange in squint angle and Δt second misregistration error, the interferometric phase error in the azimuth direction (Δφ) is given by [Raney, 1986; Yague-Martinez et al., 2016] (1) where v ≈ 7.41 − 7.43 km/s is the satellite velocity, λ = 5.547 cm is the radar wavelength, and Δf is Doppler centroid change.
Assuming a maximum Doppler centroid sweep of 5.2 kHz, to keep the interferometric phase error in the azimuth direction at less than 1%, a coregistration accuracy of 0.0009 pixels or 1.3 cm is required. It is suggested in the literature that this accuracy can be achieved by applying a combination of several methods to iteratively improve the coregistration accuracy [De Zan et al., 2014; Sakar et al., 2015; Yague-Martinez et al., 2016] . Therefore, we begin with a standard matching algorithm using a digital elevation model (DEM), precise orbital parameters (±5 cm error in 3-D [Sentinels-Pod-Team, 2013] ) and amplitude images to align the slave to the master image [Sansosti et al., 2006] . This procedure yields an alignment accuracy of <0.005 in the azimuth direction, about 5 times greater than that required for the 1% phase error specified above. The residual error can be due to orbital inaccuracies, timing error and physical effects (e.g., tropospheric delay, ionospheric effects, solid Earth tides, and surface deformation [YagueMartinez et al., 2016] ). To remove part of the residual error, we employ the Enhanced Spectral Diversity (ESD) approach. This technique is applied to overlapping zones of adjacent bursts [Prats-Iraola et al., 2012] . Here we use a stationary assumption, which assumes that the misregistration in azimuth direction is solely due to a single/global constant shift in time [YagueMartinez et al., 2016] . To confirm that ESD is not removing azimuth parallel surface deformation signal, for instance due to slip along the Hayward Fault, we estimate and compare azimuth shifts between adjacent subswaths, which are supposed to be identical in absence of physical effects [Yague-Martinez et al., 2016] . To interpolate the coregistered salve to the master image, given that the SLCs spectrum is wrapped several times in Azimuth direction, the standard interpolation using Sinc function may yield inaccurate results. Thus, the coregistered slave is deramped prior to resampling [Yague-Martinez et al., 2016] . The ramp will be restored following the resampling. Once all SAR images are coregistered and resampled with respect to a common master (i.e., supermaster, the image that has the shortest temporal and spatial baselines as well as Doppler difference with respect to the rest of the data set), we generate 50 interferograms. To minimize the size of the data set and to maximize coherence and ESD accuracy, we impose maximum perpendicular and temporal baselines of 200 m and 150 days. We use the Shuttle Radar Topography Mission (SRTM) version 3 1 arcsec (30 m) DEM [Kobrick and Crippen, 2013] and the satellite precise ephemeris data to calculate and remove geometrical phase. To identify elite (i.e. less noisy) pixels, we develop and apply a statistical framework to investigate the time series of complex interferometric phase noise [Shirzaei, 2013] . This approach explores the time series of complex phase noise estimated for each pixel using wavelet analysis of complex interferometric noise [Lopez-Martinez and Fabregas, 2002] . Prior to the phase unwrapping step, we estimate and remove the effect of a planar ramp from each wrapped interferogram using a nonlinear optimization. To this end we estimate parameters of a ramp that its wrapped version best fits to the wrapped interferometric phase. We minimize the L1 norm of the difference between wrapped phase and wrapped ramp. Since this problem is nonlinear due to phase being modulated by 2π, a nonlinear optimization technique is implemented [Shirzaei and Walter, 2009] . The effect of ramp will be restored following phase unwrapping, and the role of this remove/restore step is to enhance the accuracy of phase unwrapping and ensure that the long-wavelength deformation signals, such as interseismic strains, are not obscured due to improper phase unwrapping. This calculation is robust and less sensitive to localized data error and gaps due to application of L1 norm. To obtain the absolute estimates of the phase change and reduce the effects of residual DEM error, we apply an iterative 2-D sparse phase unwrapping algorithm combined with a low-pass filter based on Legendre polynomial wavelets. We correct each interferogram for the effect of a topography-correlated component of atmospheric delay using the approach developed by Shirzaei and Bürgmann [2012] . We then apply an iterative reweighted least squares method to obtain the time series of the phase change for each elite pixel.
In this step, observations are weighted proportionally to the residuals from the previous step, and the initial observation weight matrix is estimated based on interferometric phase noise. Next we apply a high-pass filter based on continuous wavelet transforms to reduce the temporal component of the atmospheric delay in the time series.
To transform the location of elite pixels from radar to geographic coordinate systems, we use precise orbital information to generate a lookup table, linking longitude and latitude of points on the surface of Earth to the range and azimuth coordinates of corresponding points in radar image. Supporting information Figure S1 shows the flowchart summarizing the steps of the WabInSAR algorithm for multitemporal processing of Sentinel-1 data sets. To generate lookup tables and deramp SLCs prior to resampling, we used routines modified from GMTSAR software, a free and open source InSAR processing cede [Sandwell et al., 2011] . In the next section we apply this algorithm to a set of Sentinel-1 TOPS SAR data acquired over the San Francisco Bay Area.
Results
We consider 14 Sentinel-1A TOPS SAR images acquired in descending orbit (heading ≈ 193.2°) between 1 March 2015 and 7 March 2016 over the San Francisco Bay Area with average, minimum, and maximum acquisition intervals of 28, 24, and 60 days, respectively ( Figure 1b and Table 1 ). There are a few additional images with partial overlap due to inconsistent available slice extent (Table 1) for the single-look complex (SLC) products that we use. Because including these dates would limit the study area, we disregard them. Figure 1a shows the footprint of the Sentinel TOPS SAR frame, traces of major faults, and the location of GPS stations maintained through Bay Area Regional Deformation (BARD) and Plate Boundary Observatory (PBO) networks, which are used for validating our Sentinel-1 time series. We focus on the third TOPS subswath, furthest in range, which has an average incidence angle of 43.88°. We chose the image acquired on 9 September 2015 as the supermaster image and align the data set to this image. Table S1 shows the estimated average interferometric coherence at the burst overlapped areas. As mentioned above, we apply the ESD algorithm through multiple iterations to obtain parameters for fine coregistration. Iterations are needed because we only apply a global shift in each iteration that is estimated using limited samples from the burst overlapped areas. We find that due to sampling and fitting limitations, more than one iteration maybe needed to achieve optimum mismatch. The iterations end when the coregistration error is less than ~1 cm (~0.0006 SLC pixel) in azimuth direction. Table 1 shows the number of iterations and the final accuracy of the coregistration for each TOPS SAR image. We find that up to three iterations are needed to achieve the desired accuracy. Using the list of baselines and coregistration errors provided in Table 1 , we estimate that the linear correlation coefficient between coregistration error and baseline is ~0.27, indicating that in our case the baseline length does not significantly affect the coregistration. Figure S2 shows the generated 13 interferograms between each TOPS SAR image and the supermaster image, which allows assessment of the quality of the coregistration algorithm and phase decorrelation processes. As the Sentinel-1 archive grows, temporal decorrelation may become a bigger issue. Given the maximum spatial and temporal baselines of 200 m and 150 days, a total of 50 interferograms are generated (Figure 1b) . Applying a multilooking factor of 10 and 2 pixels in range and azimuth, respectively, we obtain average range and azimuth resolutions of ~25 m.
Using the WabInSAR algorithm detailed in section 2, we estimate the complex phase noise for the interferometric data set. Figure 1c shows the spatial distribution of the standard deviation To investigate the impact of the ESD, we additionally generate time series of surface deformation using SAR images coregistered through a matching filter. For >95% of the generated interferograms, we find a good agreement between interferometric phases obtained with and without applying ESD (Figures S16a and S16b). Nonetheless, using the data set that did not apply ESD, we are able to identify ~13% less elite pixels, indicating a slightly higher interferometric noise level. This may be due to differences occurred on the burst overlap boundaries, as the phase is discontinuous across a boundary and due to azimuthal filtering the coherence may drop within the radius of the filter. This is a good reason for using ESD, since a lower coherence in the overlap zone will increase the phase noise and, for example, make phase unwrapping more difficult. In this case, the estimated velocity field ( Figure S16c ) is similar to the result in which we applied ESD with a difference standard deviation of 3 mm/yr between the two results (Figures 2c and S16d). Larger mismatches occurred in rural areas as well as burst overlap areas ( Figure S16d ). The comparison against the 2-D GPS velocities shows a median difference of ~1.4 mm/yr and standard deviation of 2.7 mm/yr for the data set that did not apply ESD. This comparison shows that the alignment accuracy of <0.005 pixels obtained from standard coregistration techniques may be sufficient in most cases, in particular in urban areas. In contrast, when investigating areas of rough topography, applying ESD may be advantageous, primarily due to DEM inaccuracy and SAR pixel geometrical distortions. We note that in the absence of atmospheric and ionospheric artifacts and surface deformation, the estimated azimuth shifts are comparable between adjacent subswaths and along track. This can be used to assess accuracy of estimated ESD-based azimuth shifts for a given swath. In the following we focus on the results obtained from applying ESD. Figure 3a shows that the measured rate of surface motion in the LOS direction reveals a number of previously recognized deformation features [e.g., Bürgmann et al., 2006; Shirzaei and Bürgmann, 2013; Chaussard et al., 2014] . The velocity map is characterized by long-wavelength signal due to right-lateral shear along the San Andreas, Hayward, and Calaveras faults. Also, more localized signals due to shallow creep along the Hayward and Calaveras faults are visible.
We note that the western Santa Clara Valley is subject to range decrease, possibly linked to recharge of the underlying aquifer system. Along the Pacific coast and around San Francisco Bay we see areas of apparent subsidence, primarily caused by compaction of Quaternary coastal deposits and landfill [e.g., Bürgmann et al., 2006; National Research Council, 2012] . 
Discussion
While the community is moving toward using Enhanced Spectral Diversity to achieve the high alignment accuracy needed to analyze Sentinel-1 data, we find that at least in urban areas, a standard matching algorithm based upon using precise orbits and a DEM may yield sufficient accuracy of <0.005 pixels to reliably generate maps of surface deformation. The estimated azimuth shifts using ESD can be affected by artifacts, such as ionospheric error, and mistakenly incorporate components of deformation in the azimuth direction. To assess the accuracy of estimated azimuth shifts using ESD for a given swath, one may calculate the parameter for the adjacent swaths, which in the absence of artifacts and surface deformation are supposed to have an identical shift [Yague-Martinez et al., 2016] . Implementing the ESD algorithm is computationally expensive, and it is also sensitive to the interferometric coherence in the overlapping zones. This means loss of coherence can result in inaccurate coregistration.
Coherence can be lost due to changes in surface cover, large deformation gradients, and large perpendicular and temporal baselines between the supermaster and slave images. The effect of surface cover change can be mitigated by masking out the densely vegetated areas. The perpendicular baseline is unlikely to be an issue, because the Sentinel-1 satellite orbital tube is accurately controlled and kept tight. However, as the Sentinel-1 archive grows, it is likely that the temporal decorrelation will become more of an issue, which may challenge generating long seamless InSAR time series using the single-master ESD method. To address this issue in future applications, we are currently developing an algorithm that considers several surrogate images, which allows approximating the fine coregistration parameters for the images separated from the supermaster by a long temporal baseline.
We find that despite the short observation period and relatively few available SAR images, processing Sentinel-1 data using the WabInSAR algorithm retrieved all previously observed major deformation signals associated with tectonic and hydrological processes. Comparison against GPS and creepmeter data indicates the robustness of results. Figure 3b shows the estimated InSAR creep rate along the Hayward fault, which is obtained under the assumption that the entire deformation measured in LOS is due to right-lateral creep along the fault with no vertical component. We calculate the LOS creep using a moving window of 600 m × 600 m (distance of 100 m to 700 m from fault) and subtract values on the east side of the fault from those on the west side. Given the satellite look vectors and average fault azimuth of 325°, the LOS measurement can be projected into an estimate of fault-parallel creep [Lindsey et al., 2014] .
Distances along the fault are measured southward from Pt. Pinole. We also show the field measurements of average creep rates over the period 1990-2015 along the fault obtained through creepmeter and alignment arrays [Bilham et al., 2004; Mcfarland et al., 2016] . We find a good agreement between the two data sets except near km 18-30, where InSAR short-term creep rates are systematically reduced by up to 40% from the estimated long-term rates of the nearby alignment array measurements. Figure 3c shows the time series of InSAR creep versus that measured at the five creepmeter stations along the Hayward Fault with 10 min sampling rate. We find a good agreement between InSAR creep and that measured at the creepmeter for most stations except for Point Pinole and Temescal. Although the agreement is satisfactory within range of error during the first half of the observation period, during the second half, the shortterm creep rate at these two stations increases while the trend of InSAR creep remains unchanged. To investigate this discrepancy, we estimate the temporal variations of the short-term creep rate at these five stations ( Figure S17 ). We find that the short-term creep rates show significant fluctuations up to 5 mm in amplitude and periods of 1-1.5 years ( Figure S17c ). These fluctuations may in part be due to seasonal precipitation and local soil expansion, rather than tectonic processes. Thus, creep measurements do not allow further validation of the apparent rate reduction suggested by the InSAR data, which could also be due to observation noise.
Nonetheless, it has been shown that the creep rate along this section of the fault is temporally variable and occasionally characterized by episodes of accelerated creep [Shirzaei and Bürgmann, 2013; Lienkaemper et al., 2014] . The proximity of this zone to the main central locked zone, which is thought to be the source of the 1868 Mw ~ 6.8 earthquake, also has implications for possible earthquake triggering and time-dependent seismic hazard in the area [Shirzaei et al., 2013] . The transition line between these two deformation regimes coincides with the location of the Silver Creek Fault. Long-term studies of the deformation field suggest that seasonal surface deformation dominates in the western part of the valley reflecting annual cycles in groundwater levels in the underlying aquifer, while the eastern part is characterized by slow long-term uplift until 2001 and since then has been stable with an uplift rate of less than 1 mm/yr [Schmidt and Bürgmann, 2003; Chaussard et al., 2014] . Investigating the monthly total precipitation rates Nonetheless, during this period, the hydraulic head levels in many wells across the western Santa Clara Valley rose ( Figure S19 ). The head level recovery and associated uplift may be attributed to a combination of factors including reduced pumping, a coordinated shift to using treated surface water instead of groundwater, and an increased allocation of imported water. These measures allowed for an unprecedented 27% water conservation and substantial recharge of the aquifer (T. Mohr, Santa Clara Valley Water District, personal communication, 2016) that is directly reflected in the uplift signal observed by Sentinel-1.
Conclusions
We generated one of the first time series of surface deformation using Sentinel-1A TOPS SAR data sets. We show that an Enhanced Spectral Diversity algorithm provides an increased level of coregistration accuracy over the standard approach using precise orbits and a DEM, but the latter may be sufficient and has an advantage of not being dependent upon maintaining coherence.
However, at the burst overlap zones, applying ESD may improve the phase coherence by reducing phase discontinuities. Thus, applying ESD may improve the overall phase unwrapping accuracy. By testing this 1 year data set with our preexisting time series approaches, we conclude that existing multitemporal algorithms are suitable for analyzing the Sentinel-1 data sets. The resulting LOS time series are robust and agree well with other independent measurements such as creep and GPS data. Despite the relatively short observation period, the evolving Sentinel-1 data set can already be used for monitoring slow and gradual surface motions. The Sentinel-1B satellite, launched on 25 April 2016, will provide an enhanced temporal sampling rate suitable for a variety of applications, already approaching 30 acquisitions per year on some tracks over California. Using a time series of 14 TOPS SAR images, we estimate the present-day surface deformation across the southern San Francisco Bay Area. We find that the short-term InSARderived creep rate along the Hayward Fault is mostly consistent with the independent long-term estimates, except along a ~8 km long segment near the central, highly locked zone, where creep rates in 2015 appear to have been reduced. Our LOS deformation time series also show that many coastal areas of the Bay Area are subject to subsidence, while the Santa Clara Valley aquifer system rebounded in the summer of 2015 thanks to successful water conservation efforts.
